have multiple isoforms, leading to large numbers of possible receptor combinations.
How is the retinoic acid 'signal' turned off?
In the cytoplasm, retinoic acid can be catabolized by the cytochrome P450 enzyme (CYP26) into inactive compounds that are then excreted. In the absence of retinoic acid, the RAR/ RXR heterodimers bound to their target sequences recruit the nuclear receptor co-repressor complex NCOR/Sin3A/HDAC (histone deacetylase), inhibiting transcription activation.
What does retinoic acid do?
In adults, vitamin A and its retinoid derivatives play significant roles in a number of processes, such as vision, learning and memory,
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What is retinoic acid? Retinoic acid is a lipophilic molecule of low molecular weight (300 Da). Retinoic acid is synthesized from vitamin A (retinol) and found in embryos and adult vertebrates. Because animals are unable to produce vitamin A, they obtain this vitamin in the form of carotenoids from plants or retinyl esters derived from animal products.
How is retinoic acid produced?
In vertebrates, vitamin A, in the form of retinyl esters, is stored mainly in the liver as well as in the lungs, kidneys and bone marrow. Retinol, bound to the retinol-binding protein (RBP), enters the circulatory system in order to reach cells that require retinoic acid. The retinol-RBP complex enters the cells through the RBP receptor (STRA6). Within the cells, retinol is metabolized in a reversible step to retinal by the retinol or alcohol dehydrogenases (RODHs or ADHs) and then in an irreversible manner to retinoic acid by the retinal dehydrogenases (RALDHs). In the cytoplasm, retinoic acid is associated with the cellular retinoic acid-binding protein (CRABP) .
And what does it do?
Simply speaking, retinoic acid functions to regulate gene expression (Figure 1 ). In cells, retinoic acid enters the nucleus where it binds to heterodimers formed by two different classes of nuclear receptors: Retinoic acid receptors (RARs) and retinoid X receptor (RXRs). The receptor heterodimers are bound to a specific DNA sequence known as the retinoic acid-response element (RARE) and upon retinoic acid binding, recruits co-activators (including histone acetyltransferase (HAT)), leading to transcription activation of specific retinoic acid-regulated genes.
How many RARs and RXRs are there?
In most vertebrates, there are three RARs (α, β and γ) and three RXRs (α, β and γ), all of which can immune function, reproduction as well as the maintenance of epithelial function and differentiation. In the hippocampus, retinoic acid plays important physiological roles in synaptic plasticity, learning and memory, and adult neurogenesis. In the retina, retinoic acid acts as a light-signaling neuromodulator and regulates gap junction-mediated coupling of retinal neurons. It has also been implicated in the control of sleep and the circadian clock.
Why are developmental biologists so obsessed with retinoic acid?
This simple molecule has been implicated in the control of many aspects of embryo development that include cranio-facial morphogenesis, neuronal differentiation, eye, limb, lung, kidney and heart . These studies suffered, however, from Davenport's propensity to see Mendelian inheritance in every trait he looked at, from Huntington's Disease (which he correctly pegged as an autosomal dominant), to feeble-mindedness (which he claimed was recessive, but we now suspect to be environmentally induced by prolonged contact with academic researchers). Davenport's assumption, appropriate for the day, was that human behavior is determined through and through by 'unit characters' of hereditysingle-gene Mendelian factors that are wholly responsible for the determination of a trait. This illustrates a scientific trait that we have seen reemerge in the current genomic era: the tendency to account for any and all unknowns by a newly discovered source of insight.
Enter the fly
The fruitfly Drosophila melanogaster made its research debut in the laboratory of William E. Castle at Harvard University in 1901 (Figure 1) . This was the first laboratory to pursue the newly propounded principles of Mendelian genetics in animals, concentrating primarily on the coat color genetics of guinea pigs and
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The passing of Seymour Benzer has inspired various retrospectives on his scientific career, and much attention has been paid to his inauguration of single-gene mutant studies of behavior in the fruitfly Drosophila melanogaster. Studies of genes and behavior actually go back to the beginnings of genetics. The end of the era marked by Benzer's life offers a good opportunity to look back at the origins of the field he influenced so profoundly.
Origins
Francis Galton is often cited as the first behavioral geneticist. Stimulated by reading his cousin Charles Darwin's Origin of Species, he began to survey the concentration of abilities and accomplishments in families. Using the newly developed statistical analysis of quantitative characteristics in populations that he had developed, Galton published the first study claiming to trace inheritance of particular behavioral traits [1] . His failure to consider non-hereditary factors in the familial clusterings that he saw has discredited his findings in the eyes of modern researchers, and his promulgation of eugenic ideology has colored his subsequent treatment by history [2] . His views, however, were entirely consistent with 19th century hereditarianism [3] . Despite these contemporary reservations, Galton stands as the starting point in the long road towards understanding the relation between heredity and behavior.
First single-gene variants
With the advent of Mendelian genetics at the turn of the 20th century and its application to animals, some early attempts were made to trace the inheritance of behavioral traits. Few of the initial efforts were actually directed at understanding behavior. For the most part, they used behavioral phenotypes as tests of Mendelian inheritance.
Mouse strains with characteristic whirling behavior, known as
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The origins of behavioral genetics development. The patterning of the antero-posterior embryo body axis is also directly regulated by retinoic acid, which controls the expression of several HOX genes through RAREs in their regulatory/enhancer regions.
Are there any human diseases related to retinoic acid deficiency? Reduction of vitamin A levels in the diet can lead to a debilitating immune system, anemia or blindness. During pregnancy, insufficient levels of vitamin A lead to fetal vitamin A deficiency-induced syndrome. This results in developmental defects exhibiting many common features with those observed in the RAR/RXR mutations in mouse, including cranio-facial and eye abnormalities.
Retinoic acid as an anticancer drug…? Acute promyelocytic leukaemia is caused by a chromosomal translocation that fuses the promyelocytic leukaemia gene (PML) on chromosome 15 with the RARα gene on chromosome 17. The PML-RARα fusion protein leads to a recruitment of co-repressor complexes that epigenetically silence gene expression. Differentiation therapy with retinoic acid is being used in combination with chemotherapy for the treatment of patients with acute promyelocytic leukaemia, resulting in a 70-80% cure rate.
Where can I find out more?
